ABSTRACT: A ligand-free method for the Pd-catalyzed direct arylation of cyclic enaminones using aryl iodides was developed. This method can be applied to a wide range of cyclic enaminones and aryl iodides with excellent C5-regioselectivity. Using widely available aryl iodides, the generality of this transformation provides easy access to a variety of 3-arylpiperidine structural motifs.
■ INTRODUCTION
Cyclic enaminones, also known as 2,3-dihydropyrid-4(1H)-ones, have displayed a distinctive reactivity profile, including notably a strong innate nucleophilicity. 1 As piperidine surrogates, these nonaromatic substrates have been exploited as versatile synthetic intermediates in the syntheses of various heterocycles and heterocyclic natural products. 2 As our laboratory continues to investigate the pharmaceutical applications of phenanthropiperidine alkaloids, the syntheses of these natural products and analogs entail a regioselective C5-arylation of cyclic enaminones as a key step. 3 Our strategy has been employing direct C−H arylation reactions because of their convenience and efficiency.
Direct C−H arylation chemistry has been extensively studied over the years due to the ubiquity of heterocycle−aryl linkages in pharmaceuticals. 4 Our previous syntheses have demonstrated that the regioselective C5-arylation of cyclic enaminones can be achieved through convenient and high-yielding C−H arylation protocols via oxidative Pd catalysis (Scheme 1, route 1). 5 In these protocols, aryl metal precursors were used (i.e., aryl boronic acids, 5a silanes, 5b and trifluoroborates 5c ). Issues of limited commercial availability or high cost led us to explore the widely available aryl iodides as alternative reagents (Scheme 1, route 2). 6 Among the possible C−H activation mechanisms, 7 our past study suggested that an electrophilic palladation pathway was more likely involved in reactions with the nucleophilic enaminones ( Figure 1, top) . 1a However, a carbopalladation process is also feasible and would lead to C6-arylation as the double bond in the nonaromatic enaminone scaffold could be a Heck donor (Figure 1, bottom) .
7c,d Therefore, the regioselectivity of the coupling reaction presented another challenge. Herein, we disclose the development of a C5 regioselective direct C−H arylation of cyclic enaminones using aryl iodides.
■ RESULTS AND DISCUSSION
We initiated our study by examining a collection of C−H arylation conditions (catalysts, additives, reagent stoichiometry, and reaction time) 8 and then proceeded with the Jeffery conditions (a combination of a Pd II catalyst, a tetraalkylammonium salt, and an inorganic base) 9 for the optimization studies shown in Table 1 . As anticipated, in addition to the desired C5-arylated 3a, C6-arylated 4a was observed as well. A survey of seven solvents (entries 1−7) revealed that DMSO favored the formation of 3a via the presumed electrophilic palladation pathway (e.g., 50% in DMSO, entry 7 vs 10% in dioxane, entry 2), whereas toluene (entry 1) significantly increased the formation of 4a. Indeed, DMSO provided the highest yield and the best regioselectivity (entry 7). The choice of the base was also proven imperative (entries 8−15). NaHCO 3 (entry 7) and Na 2 CO 3 (entry 9) were more effective in facilitating the deprotonation process than NaOAc (entry 8). Addition of pivalic acid (PivOH) with Na 2 CO 3 did not improve the yield (entry 10). The selection of base cations also showed that the sodium cation had beneficial effects on direct arylation (entries 11−13). Unsurprisingly, strong bases such as NaOH (entry 14) or NaO-t-Bu (entry 15) decomposed the enaminones. Thus, the originally chosen NaHCO 3 provided the best outcome (50%, entry 7). Next, the reaction temperature was tuned from 20 to 140°C in 30-degree intervals (entries 16−19). We found that 80°C was the optimal temperature to activate the transformation without decomposing the heat-sensitive enaminones. Moreover, several tetraalkylammonium salts were assessed as phase-transfer agents in order to enhance yields and selectivities (entries 20−22). 9 The absence of Bu 4 NBr indeed resulted in a lower yield of 3a and a reduced regioselectivity (entry 20). Interestingly, Bu 4 NCl (entry 21) provided a better regioselectivity than Bu 4 NI (entry 22) or Bu 4 NBr (entry 7). Lastly, the ligand effect was investigated. Phosphine ligands (i.e., PPh 3 , P(OPh) 3 , and P(C 6 F 5 ) 3 ), regardless of their electronic properties, were detrimental to catalysis (entries 23−25). Amino acids (i.e., Boc-L-alanine and Boc-L-phenylalanine), supposedly coordinating to the Pd center through weak ligation, 10 showed no improvement in either yields or regioselectivity (entries 26 and 27).
We also examined eight silver salts as additives (Table 2) . Silver salts are often used to irreversibly abstract halide anions from Pd complexes, thus rendering them more electrophilic and preventing the formation of mostly inactive PdI 2 .
11 Indeed, the regioselectivity was greatly enhanced in the presence of a silver salt (entries 1−8). We found that AgCl not only increased the yield of 3a, but also promoted exclusive reaction at the C5-position (entry 6). Additional extensive fine-tuning Next, we explored the scope of aryl iodides in this reaction using the optimized conditions ( Table 3 ) and found that the electronic properties of the aryl iodides affected reaction yields significantly. Good yields were generally obtained with electron-rich aryl iodides (3a−l). Electron-poor aryl iodides afforded slightly lowered yields (3m−p). Reactions of aryl iodides with strongly electron-withdrawing substituents, e.g., NO 2 (3o) and CF 3 (3p), resulted in low yields. Steric hindrance, as expected, impeded the effectiveness of the cross coupling. For instance, compared to the 4-tolyl derivative (3a), 2-tolyl iodide afforded a lower yield (3b) with 14% recovered 1a. In addition, arylation of bifunctional 4-chlorophenyliodide (2n) proceeded exclusively at the iodine terminus with the chlorine terminus intact, which may be subjected to sequential cross-coupling reactions.
12 It is worth mentioning that phenyl bromide was tested under the optimized conditions and afforded an inferior yield (21% with 32% recovered 1a) compared to phenyl iodide, which afforded 3d in 68%. Neither 4-chlorotoluene nor phenyl triflate functioned as arylating reagents to afford the desired product.
Given the high coupling efficiency of electron-rich aryl iodides, a series of cyclic enaminones was subjected to the optimized conditions with 4-iodoanisole (2f, Table 4 ). Consistent with our previous results, 1a,5 electron-rich, monocyclic, and bicyclic enaminones were all compatible with the optimized conditions (3q−v). Compared to N-benzylenaminone 3q, N-phenylenaminone 3r was formed in a decreased yield probably due to its attenuated nucleophilicity. Notably, these mildly basic conditions did not compromise the stereochemical integrity of the epimerizable enaminone 3v. In contrast, no reaction took place on either the N-unprotected enaminone 1w or the E-enaminone 1x to form products 3w or 3x.
1a,5 Electron-deficient enaminones also failed to furnish desired 5-arylated products 3y or 3z.
Mechanistically, the aforementioned electrophilic palladation pathway ( Figure 1 ) for direct arylation can account for the observed C5-regioselectivity, the silver salt effect, the solvent dependency, and the substituent effects. Presumably, AgCl abstracts the iodide from the Pd oxidative adduct (i.e., Ar−Pd− I) to generate a cationic [Ar−Pd] + complex, whose electrophilicity matches the innate C5-nucleophilicity of enaminones to yield C5-arylated enaminones. This unique C5-regioselectivity is enhanced by DMSO because the cationic [Ar−Pd] + species should be stabilized by this highly polar and coordinating solvent. In addition, the [Ar−Pd] + species should also be stabilized by electron-donating substituents, which would lead to less catalyst degradation and subsequently higher yields (e.g., 80% of 3h vs 32% of 3o). It is worth noting that a concerted metalation−deprotonation (CMD) mechanism cannot be excluded at this time. However, the lack of reactivity of the electron-deficient enaminones 1y and 1z indicates a low possibility for this process, which often works well on electrondeficient substrates. 13 In addition, a Pd II /Pd IV catalytic cycle, albeit not ruled out, is also less likely because (1) more than one catalytic turnover was observed in the absence of silver salts (e.g., Table 1 , entry 7, TON = 2.5), suggesting that silver salts did not serve to regenerate the Pd catalyst; 14 (2) our initial optimization demonstrated that other Pd 0 catalysts (e.g., Pd(dba) 2 or Pd 2 (dba) 3 ) would catalyze C5-arylation as well, albeit in low yields (8−11%). 8 Presumably, the ligands in these Pd 0 conditions tempered the electrophilicity of the Pd II center after oxidative addition, hence resulting in the observed low yields.
■ CONCLUSION
We have developed a straightforward method for the regioselective C−H arylation of cyclic enaminones with aryl iodides. In spite of showing reduced but nevertheless good yields compared to our earlier arylation protocols, the new method reported herein utilizes aryl iodides with broader commercial availability. This transformation tolerates a wide range of substrates and presents an alternative approach to synthesize 3-arylpiperidine derivatives. ) were prepared according to the reported procedures, and enaminone 1x is commercially available. Flash column chromatography was carried out on silica gel (230−400 mesh). TLC was conducted on 250 μm, F 254 silica gel plates. 1-Benzyl-2-(4-methoxyphenyl)-5-p-tolyl-2,3-dihydropyridin-4(1H)-one (3a). Compound 3a was prepared by the general procedure described above and purified by flash column chromatography (30% EtOAc in hexanes) on silica gel to provide 27.3 mg (72%) as an orange wax. Analytical data are consistent with those from our previous report. 
1-Benzyl-2-(4-methoxyphenyl)-5-o-tolyl-2,3-dihydropyridin-4(1H)-one (3b).
Compound 3b was prepared by the general procedure described above and purified by flash column chromatography (25% EtOAc in hexanes) on silica gel to provide 16.9 mg (43%) as a yellow solid (mp 139−142°C): 1 1-Benzyl-2-(4-methoxyphenyl)-5-m-tolyl-2,3-dihydropyridin-4(1H)-one (3c). Compound 3c was prepared by the general procedure described above and purified by flash column chromatog- 1-Benzyl-2-(4-methoxyphenyl)-5-phenyl-2,3-dihydropyridin-4(1H)-one (3d). Compound 3d was prepared by the general procedure described above and purified by flash column chromatography (30% EtOAc in hexanes) on silica gel to provide 24.8 mg (68%) as a yellow oil. Analytical data are consistent with those from our previous report. 1-Benzyl-5-(4-tert-butylphenyl)-2-(4-methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (3e). Compound 3e was prepared by the general procedure described above and purified by flash column chromatography (25% EtOAc in hexanes) on silica gel to provide 27.9 mg (66%) as a yellow wax: 
1-Benzyl-2,5-bis(4-methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (3f).
Compound 3f was prepared by the general procedure described above and purified by flash column chromatography (50% EtOAc in hexanes) on silica gel to provide 29.2 mg (74%) as a yellow oil. Analytical data are consistent with those from our previous report. 1-Benzyl-5-(3-methoxyphenyl)-2-(4-methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (3g). Compound 3g was prepared by the general procedure described above and purified by flash column chromatography (35% EtOAc in hexanes) on silica gel to provide 31.2 mg (79%) as a red oil. Analytical data are consistent with those from our previous report. CDCl 3 ) δ 188.3, 159.7, 152.7, 149.6, 136.2,  130.7, 129.1, 128.6, 128.6, 128.3, 127.8, 116.0, 114.5, 114.5, 111.3 1-Benzyl-5-(4-(ethoxycarbonyl)phenyl)-2-(4-methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (3m). Compound 3m was prepared by the general procedure described above and purified by flash column chromatography (30% EtOAc in hexanes) on silica gel to provide 21.9 mg (50%) as a yellow wax 1-Benzyl-5-(4-chlorophenyl)-2-(4-methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (3n). Compound 3n was prepared by the general procedure described above and purified by flash column chromatography (25% EtOAc in hexanes) on silica gel to provide 20.3 mg (51%) as a yellow wax. Analytical data are consistent with those from our previous report.
5a
The Journal of Organic Chemistry 1-Benzyl-2-(4-methoxyphenyl)-5-(4-nitrophenyl)-2,3-dihydropyridin-4(1H)-one (3o). Compound 3o was prepared by the general procedure described above and purified by flash column chromatography (30% EtOAc in hexanes) on silica gel to provide 13.0 mg (32%) as a bright yellow solid (mp 98−100°C). Analytical data are consistent with those from our previous report. 1-Benzyl-2-(4-methoxyphenyl)-5-(4-(trifluoromethyl)-phenyl)-2,3-dihydropyridin-4(1H)-one (3p). Compound 3p was prepared by the general procedure described above and purified by flash column chromatography (25% EtOAc in hexanes) on silica gel to provide 12.8 mg (30%) as a yellow wax. Analytical data are consistent with those from our previous report. 5a 1-Benzyl-5-(4-methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (3q). Compound 3q was prepared by the general procedure described above and purified by flash column chromatography (70% EtOAc in hexanes) on silica gel to provide 22.6 mg (78%) as a yellow oil. Analytical data are consistent with those from our previous report. 5-(4-Methoxyphenyl)-1-phenyl-2,3-dihydropyridin-4(1H)-one (3r). Compound 3r was prepared by the general procedure described above and purified by flash column chromatography (50% EtOAc in hexanes) on silica gel to provide 14.1 mg (50%) as an orange solid (mp 129−132°C). Analytical data are consistent with those from our previous report. ,9a-tetrahydro-1H-quinolizin-2(6H)-one (3t). Compound 3t was prepared by the general procedure described above and purified by flash column chromatography (50% EtOAc in hexanes) on silica gel to provide 16.0 mg (63%) as a yellow oil. Analytical data are consistent with those from our previous report.
(4aR,8aR)-3-(4-Methoxyphenyl)-1-methyl-4a,5,6,7,8,8a-hexahydroquinolin-4(1H)-one (3u). Compound 3u was prepared by the general procedure described above and purified by flash column chromatography (30% EtOAc in hexanes) on silica gel to provide 12.9 mg (48%) as a yellow wax. Analytical data are consistent with those from our previous report.
(4aS,8aR)-3-(4-Methoxyphenyl)-1-methyl-4a,5,6,7,8,8a-hexahydroquinolin-4(1H)-one (3v). Compound 3v was prepared by the general procedure described above and purified by flash column chromatography (50% EtOAc in hexanes) on silica gel to provide 16.3 mg (60%) as a yellow wax. Analytical data are consistent with those from our previous report. Optimization data of the catalytic condition screen and stoichiometric study and 1 H and 13 C NMR spectra of all compounds. This material is available free of charge via the Internet at http://pubs.acs.org
